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ABSTRACT: Thispaper proposesa controller-based technique
for minimizing switching activity in controller/data path cir-
cuits. Though the control signals in a register transfer level
(RTL) implementation are fully specified, they can be re-
specified under certain states/conditions when the data path
componentsthat they control need not be active. Unlike tech-
niquesthat insert extra circuitry like transparent latches, con-
troller re-specification is a low-over head technique that merely
reconfigur esexisting multiplexer networ ksand functional units
to minimize activity in the data path. Hence, it is well suited
to control-flow intensive designs, where power consumption in
multiplexer networks forms a major component of the total
power consumption. Our controller re-specification algorithm
consists of constructing an activity graph for each data path
component, identifying conditions under which the component
need not be active, and re-labeling the activity graph resulting
in re-specification of the corresponding control expressions.
Application of the proposed technique to several RTL circuits
demonstrated the ability to reduce the total (controller + data
path) power consumption by up to 51.8% compared to the
initial area-optimized implementations, with nominal area and
delay overheads.

|. Introduction

Power consumption in CMOS circuits is dominated by the dy-
namic component that is incurred whenever signals in the circuit
undergo logic transitions. In practice, a large portion of the signal
transitions that occur in a circuit are unnecessary, i.e., they have
no effect on the value at the circuit output. Recognizing this fact,
several techniques have been proposed to reduce power consump-
tion by eliminating unnecessary transitions at various signalsin the
circuit. Theideaof shutting down unused parts of acircuit has been
used by designersfor along time, and is employed in most modern
microprocessors and microcontrollers that target portable applica-
tions [1, 2]. Variousautomated synthesistechniquesexploiting this
ideain several ways have also been investigated [3, 4, 5, 6, 7].

This paper presents a controller re-specification technique to
reduce power consumption in controller/data path circuits. This
technique re-designs the logic that generates the control signals to
the data path such that activity in various data path componentsin-
cluding internal signalsof multiplexer treesand inputsto functional
unitsand comparatorsisreduced. Likeseveral other previously pro-
posed techniquesthat insert extracircuitry (e.g. transparent latches)
to reduceactivity, our techniqueal so exploitsidle conditionsfor var-
ious data path components. However, the extra circuitry inserted
can itself incur significant area and power costs which is well justi-
fied only when large blocks of logic, like functional units, are shut
off. Ontheother hand, controller re-specificationisalow-overhead
technique that reconfigures the existing multiplexer networks and
functional
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units in the data path (by re-designing their control logic) so that
unnecessary activity is minimized. Moreover, while most known
techniques seek to completely eliminate activity in the idle logic,
our method may significantly reduce but not completely eliminate
such activity. Asaresult, it is frequently possibleto reduce activity
while avoiding the overheads associated with conventional shut-off
based techniques. We have found controller re-specification to be
well suited to control-flow-intensive designs, where the multiplexer
power consumption constitutes a major part of the total power con-
sumption [8].
[I. Controller re-specification to reduce power

Weillustrate the effect of re-specifying control signalsonthe ac-
tivity of data path signalsthrough the following example. Consider
an RTL circuit that implementsthe send processof the X. 25 pro-
tocol [9] that is shown in Figure 1. Figure 2(a) shows an extracted
part of the X. 25 data path that consists of an ALU and the multi-
plexer trees that feed it. Figure 2(b) shows (i) the logic expressions
for thecontrol signalsthat feed the ALU and its multiplexer trees(z <
represents adecoded state variable, i.e., z+ = 1 when the controller
isin state St), and (ii) an activity graphfor the ALU, that indicates
the operations performed by the ALU in each controller state. The
vertices and arcs in the activity graph correspond to the controller
states and state transitions. Each vertex in the activity graph is
labeled with the computation performed by the ALU in the corre-
sponding controller state. For example, consider controller state
S52. Control signals Sel(0), Sel(1), Sel(2) and Select func(0)
(function select input, 1 = 4+, 0 = —) assumethe logic values 1,
0, 1, and 0, respectively. From these values, it can be easily seen
that the ALU performs the operation bytes — byteCount in State
S2.

In somestates, like S0, the ALU may not be required to perform
any operation, i.e., its result may be unused. Using the scheduling
and assignment information from high-level synthesis, it is pos-
sible to easily identify such idle states based on the absence of
operations assigned to the ALU. In Figure 2(b), idle states are in-
dicated by shaded vertices. The computation performed by the
ALU in idle states can be changed without affecting the function-
ality of the design. The control signals Sel(0), Sel(1), Sel(2),
and Select func(0) were re-specified using the techniquesthat we
present in the later sections. The resulting logic expressions for
the re-specified control signals and the modified activity graph for
the ALU are shown in Figure 2(c). Note that the labels of the
vertices in the activity graph have changed. Consider two consec-
utive cyclesin the operation of the X. 25 circuit, during which the
controller makes the state transition S6 — .S4. Under the original
control expressions, there is switching activity in the ALU sinceits
operandschangefrom : (left operand), byte Count (right operand),
and 1 (function select input) in S6 to Count, One, and O respec-
tively in S4. Under the re-specified control expressions, however,
all input operands to the ALU remain stable. Hence, we con-
clude that re-specification of the control signals feeding the ALU,
or equivalently, re-labeling of the ALU’s activity graph, can affect
the switching activity, and hence power consumption, in the ALU.
During the actual operation of the circuit, controller statetransitions
other than S6 — 5S4 will also occur. In general, it is necessary to
consider all incoming and outgoing arcs while deciding on how to
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Figure 1: RTL circuit implementing the X. 25 example
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Figure 2: Control re-specification example (@) ALU and its multi-
plexer tree, (b) original control expressionsand activity graph, and
(c) re-specified control expressionsand activity graph

(re-)label an idle vertex in the activity graph. We formalize the use
of state transition probabilities or transition counts in labeling the
activity graph later onin this section.

Re-specifying the controller can also lead to reduced activity
within multiplexer trees. Figure 3(a) shows another part of the
X. 25 data path that consists of the register that stores variable ¢
together with the multiplexers feeding it. The original expressions
for the control signals.Sel(18) and Sel(19) aregivenin Figure 3(b).
Theactivity graph for signal M (18) (the output of the shaded 2-to-1
multiplexer), that indicateswhich operand (C'28 or Zero) isselected
at M(18), is also shownin Figure 3(b). The shaded verticesin the
activity graph correspond to states when the value of signal M/ (18)
is not used. Consider controller state transition S7 — S1. Since
the computation performed by the ALU changes from count +
byteCount in S7 10 bytes — byteCount in S1 (see Figure 2(c)),
the value of the operand (C'28) itself changes. Re-specifying the

SECONDS (Min. Area)
Sel(18) = x3
Sel(19) =x3 + x5

S0

Re-specified (Min. Activity):
Sel(18) = x5
Sel(19) = X3 + x5

S0
S1 S1

— c28 — —Zem
S2 S2

S3
S4
5

Zero

st

Cc28

S7
) macive
(@) (b) (c)

Figure3: (a) Multiplexer treefeeding aregister, (b) original control
expressionsand activity graphfor signal M(18), and (c) re-specified
control expressionsand activity graph

control sighals as shown in Figure 3(c) eliminates this unnecessary
activity at signal M (18).

An alternative method for reducing activity in the multiplexer
treeshownin Figure 3(a) isto insert transparent latches at the shaded
multiplexer’s data input corresponding to signal C'28 and its select
input, and “freeze” those transparent latches in states S0, S1, 52,
5S4, S6, and S7. The overhead incurred would be 9 transparent
latches (note that C'28 is an 8-bit signal), which constitutes a sig-
nificant cost in area as well as power consumption relative to the
modest power savings in the multiplexer tree. Indeed, when we
inserted transparent latches as described above, and evaluated the
circuit for power consumption after mapping it to a 1.0y standard
cell library (low power latches were used in order to minimize the
power overhead), the total circuit power consumption decreased
from 4.495m W initially to 4.461m W after inserting the shut-off
circuitry, which corresponds to a very small decrease in power
consumption. On the other hand, when the control signals were
re-specified as shown in Figure 3(c), the total power consumption
was reduced from 4.495m W to 4.291mW . Generalizing to the



case of a b-bit m-to-1 multiplexer tree, it may be necessary to use
b x m + log m transparent latches. To afirst degree of approxima-
tion, we can seethat the cost in terms of transparent latches as well
as the potential for savingsin terms of the amount of logic that can
be shut-off scale similarly, indicating that using transparent latches
is not likely to lead to significant reductions in power for larger
multiplexers either. We verified the above hypothesisin practice
for several multiplexer trees from our example RTL circuits.

A prominent characteristic of control-flow-intensive specifica-
tions is the presence of multiple mutually exclusive sequences
(paths) of operationsthat may be performedin asinglestate. In order
to fully exploit the opportunities for control signal re-specification,
it is necessary to create avertex in the activity graph corresponding
to each mutually exclusive path in a state (also called a sub-state).
However, in the presence of sub-states, re-specifying control sig-
nals can lead to a significant increase in the circuit delay, or may
impact the glitching activity at control signals. These problemscan
be avoided by judicious re-specification of control signals[10].

Re-labeling the activity graph using state transition countsand
activity matrices. Consider aless-than (<) comparator that is part
of thedatapathin an RTL circuit anditspartial activity graph shown
in Figure 4. Vertex S3 in the activity graph correspondsto an idle
state for the comparator. The activity graph also showsall vertices
that haveincoming arcsfrom or outgoing arcsto vertex .S3. Vertices
S1, 52, 54, and S5 havethe labels L1 (a < b), L2 (c < d), L2,
and L3 (e < d), respectively. We wish to label vertex S3 with
one of the labels from the set { 7.1, 1.2, .3} such that the activity,
and hence the power consumption, in the comparator is minimized.
For our illustrations in this paper, we use the expected (or average)
bit transitions at the inputs of the comparator as a measure of its
power consumption. However, it is possible to incorporate more
sophisticated modelsfor data path power consumption[11] to drive
our controller re-specification technique.
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Figure 4: (a) Comparator and its multiplexer tree, and (b) activity
graph used for re-labeling

For eacharc S: — Sy inthe activity graph, P(S: — Sj) isthe
probability of acontroller statetransition from .S: to.Sj. Anactivity
matrix AMs;_s; for arc S1 — Sy in the activity graph stores
the costs in terms of average bit transitions incurred for various
combinations of labels that can be assigned to vertices S: and Sj.
Therows (columns) of AM s;_.s; areindexed by the set of possible
labelsthat can beassignedto Si (S7). For example, consider thearc
from vertex S1to vertex S3 inthe activity graph shownin Figure 4.
Since the label of S1isfixedto L1, the activity matrix AMsi1—.s3
has valid entries in only one row, that is indexed by 7.1. We can
(re-)label the vertices in the activity graph that correspond to idle
conditionswhile attempting to minimizetheT'otal Labeling Cost
that is given by:

Total Labeling Cost =
> AMsios[L(Si), L(S5)).P(Si — Sj)
allSi— Sy

The expression L(.S7) refers to the label assigned to vertex Si
in the activity graph, and P(Si — Sj) refers to the probability
of occurence of the state transition S: — Sj. For the example of

Procedur e CONTROL _RESPECIFY (RTL circuit R)
{
IDENTIFY _RTL_BLOCKS(R);
D DG — CREATE_DATA_DEPENDENCE_GRAPH(R);
for each RTL block B in D DG in forward topological order {
U — RTL unitin B;
STABILIZE_SIGNALS(B, U);
for eachMUX tree T feeding U {
STABILIZE_SIGNALS(B, root of T);
}

}
}

Procedur e STABILIZE_SIGNALS(RTL block B, circuit node V)
{
AG — CREATE_ACTIVITY _GRAPH(B, N);
Labellist — FIND_ALL_LABELS(AG);
while (unlabeled verticesexist in AG) {
Select unlabeled vertex V'* such that
Labeled_Vertez_Arcs(V™) is maximum;
Select alabel L* € LabelList suchthat
Incr_Labeling_Cost(V*, L*) isminimum;
Assign label L* to vertex V'*;
}
if NisaMUX node {
STABILIZE_SIGNALS(B, left child of N);
STABILIZE_SIGNALS(B, right child of N);

}
}

Figure5: Overview of the controller re-specification algorithm

Figure 4, the cost of labeling vertex S3 with alabel L* isgiven by:

AMSl_,sg[Ll L ] (Sl—> 53) =+
AMsz_,sg[Lz, L*] (52 — 53) =+
AMsg_,s4[L*,L2] (S3—> 54) =+
AMss_ss[L*, L3].P(S3 — S5)

The objective, therefore, isto choose L* € {L1, L2, 1.3} suchthe
labeling cost as given by the above equation is minimized.

[11. Controller re-specification algorithm

We have formulated controller re-specification as a Minimum
Cost Vertex Labeling Problem (MCVLP) on the activity graph. We
have shown that MCVLP is A/P-Hard [10]. We use an efficient
heuristic to solve the MCVLP problem.

Our controller re-specification algorithm is described by the
pseudo-code shown in Figure 5. We start with an RTL specifi-
cation that consists of a controller and data path. The data path is
first brokenupintoits constituent RTL blocksby grouping RTL units
(functional units, registers, and comparators) with the multiplexer
networks that feed them. Then, we create the data dependence
graph, where vertices represent RTL blocks, and arcs represent data
dependencies. We visit RTL blocksby performing atopological or-
dering of the data dependence graph. If there is a data dependency
fromRTL block B; to B;, itisdesirableto re-specify control signals
for block B; before block B;. Thisis because a re-specification of
the control signalsfeeding block B; will affect the valuesappearing
at its outputs, and hence the entries in the activity matrices of the
activity graphsfor block B;. At each RTL block, we first attempt
to re-specify control signals to minimize activity in its RTL unit.
Thisis doneby calling procedure STABILIZE_SIGNALS, passing to it



as a parameter the RTL unit in the current RTL block. Then, we
call StABILIZE_SIGNALS once for each multiplexer network in the
RTL block, passing to it as a parameter the root of the appropriate
multiplexer network. STABILIZE_SIGNALS recursively traversesthe
multiplexer network, attempting to minimize activity at the output
of the current multiplexer at each step.

We next describe procedure STABILIZE_SIGNALS, that performs
the actual control signal re-specification to minimize the activity
in a given functional unit or at an internal signal in a multiplexer
network. First, we create an activity graph for the RTL unit or
output of the multiplexer under consideration. Wethen useasimple
heuristic procedure to solve MCVLP on the activity graph. The
procedure iterates over the unlabeled vertices of the activity graph,
labeling the vertex picked at each step so that the incremental cost
of thelabeling is minimized. The order in which unlabeled vertices
are visited during the procedure has a significant impact on the final
labeling. We choose an unlabeled vertex V* in the activity graph
to visit next, such that the quantity Labeled_Vertez_Arcs(V™)
given by the following equation is maximized.

Labeled Vertex_Ares(V*) =
> P(Vi = V*) +

{V;—=V* | V; is labeled}

> P(V* = V)

{V*=V; | Vj ts labeled}

Therationale behind the criterion is that knowledgeof the labels as-
signed to neighboring vertices is essential to accurately computing
the cost of assigning a label to the picked vertex. Having picked
vertex V* to label next, we follow a greedy approach in assign-
ing a label to it. We pick label L* € L such that the quantity
Incr_Labeling_Cost(V*, L*) that is given by the equation below
is minimized.
Iner_Labeling Cost(V*, L") =

> AMv, v+ [L(Vi), L)L P(Vi = V") +
{ V;—=V* | V; s labeled}
> AMv+_v,[L*, L(V))1.P(V* — V;)

{V*=V; | Vj ts labeled}

V. Experimental Results

In this section, we present results of the application of the pro-
posed controller re-specification technique to RTL circuits imple-
menting typical control-flow-intensive specifications. Bar code is
a barcode reader preprocessor [12], Change_maker is one of the
processesof avending machine controller from [13], G- aphi cs is
aline-drawing processthat is part of agraphics controller [10], and
X. 25 isasimplified version of thesend process of the X. 25 pro-
tocol [9]. The exampledesignsare characterized by the presence of
nested loops and conditionals, and array accessesin the behavioral
descriptions, apart from arithmetic and comparison operations. The
initial RTL circuits were obtained by synthesizing VHDL behav-
ioral descriptionsusing the SECONDS[9, 14] behavioral synthesis
system. The RTL circuits were optimized using NEC's VARCH-
SYN [15] logic synthesis system, and mapped to their commercial
1.0 standard cell library. These mapped netlists were used to mea-
sure area, delay, and power consumption for the original designs.
TheRTL circuits were then passedto our controller re-specification
procedure that re-specified the control expressions with an aim of
reducing activity in the data path. The optimized RTL circuits were
subject to the same logic synthesis and technology mapping opti-
mizations as the original RTL circuit, and then evaluated for area,
delay, and power consumption.

The results of our experiments are reported in Table 1. The
columns Original and Optimized refer to the circuits before and

Table 1. Experimental results

Ckt. Original Optimized Pow.

Pow. | Area |Del. || Pow. | Area |Del. Red.

(mw) (ns) || (mw) (ns) || (%)

Bar - 3.1 | 2004 |49.4 2.7 | 1998 |46.7 13.3
code

Change 7.9 | 3700 |70.6 48 | 3712 |73.2 39.5
_maker

G aph- 47 | 3331 |67.9 2.6 | 3341 |65.3 452
ics

X. 25 45 | 2099 |44.4 22 | 2102 [49.6 51.8

after controller re-specification. The sub-columnsPow., Area, and
Del. provide the power consumption (in milliwatts), area (cell grid
count + wiring area estimate), and delay (in hanoseconds) of the
circuits after mapping to the technology library used. An in-house
simulation-based power estimation tool [16] was used to measure
power consumption. The vectors used for simulation were obtained
from the behavioral test bench containing typical stimuli that were
derived based on a knowledge of the design’s functiondity and
intended use. The column Pow. Red. in Table 1 reports the
percentage reduction in power consumption. The results indicate
that significant savings in power consumption (upto 51.8%) are
obtained with nominal overheadsin areaand delay.
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